Radiography is important in the diagnosis of osteoarthritis (OA) as the features described in the pathology of the disease can be visualised, with joint space narrowing generally thought to reflect cartilage loss.' Plain film radiography provides excellent detail of bony features but is generally poor at defining soft tissue structures, except with the help of an invasive procedure involving the introduction of a contrast medium. These characteristics together with the ready availability and ease of interpretation of radiographs has led to its use in confirming a clinically suspected diagnosis of OA, based on the appearance of characteristic radiographic features.2 Different methods of scoring the extent of these features have been developed and have been used as criteria both for diagnosis and to classify the base line status and progression of the disease in clinical studies. In spite of recent attempts at improving methods of scoring joint damage,3 4none of the different systems available3`8 have been widely adopted, largely due to the different emphasis that is placed on various radiographic features by different investigators, and the generally held notion that OA progresses slowly. 9 Scoring systems, although an essential and widely used method for assessing disease progression, suffer from a number of limitations. They are based on two assumptions, first that the change in any one x ray feature is linear and constant during the course of disease, and second, that the relationship between the different x ray features is constant. Thus scoring radiographs does not take into account that different radiographic features may progress at different rates and at different times. To achieve an understanding of the relative significance of various radiographic features, a far better knowledge is required of the natural history and outcome of the disease, of which little or nothing is at present known."' In this instance all radiographic features need to be studied with equal importance. This can best be done by taking direct measurements of the distribution and size of each feature accurately and reproducibly and determining the relative rates of change in their dimension with time.
Quantitative assessments of the structural changes in peripheral joints with OA are based on measurements of distance and area in the radiographic image. Such measurements are obtained either directly from the radiograph, or with the increased use of computer imaging, from digitised x ray films. Currently, direct measurement of x ray features are made from both standard and microfocal radiographs.
The advantages and limitations of these two imaging modalities are described, and the results of their application in quantifying disease progression are outlined. Where it has been possible to obtain precise measurements of changes in x ray features, this has provided new insight into the natural history of OA and a number of these findings are described. Increasingly the concept of quantitative radiography is being accepted by rheumatologists and radiologists as the means of obtaining information about joint structure. To this end the last section in this paper outlines a range of factors which need to be optimised and standardised to improve quantitative standard radiography.
Standard radiography
The radiographic image is a shadow of the differential absorption of x rays by the tissues of the joint, where radiographic appearance of bony structures appears white to light grey and the radio-transparent soft tissues dark grey to black (fig 1) .
Advantages Standard radiography is simple, cheap, easily accessible and well understood. The radiographs provide a permanent record which can be assessed at any stage during the disease process permitting their use in both prospective and retrospective studies. This is important in the study of a disease such as OA which progresses slowly.9
Limitations The relatively large size of the x ray source of standard x ray tubes (usually 1 mm and at best 03 mm in diameter) demands that the object is placed close to the x ray plate resulting in little or no radiographic magnification. Bony margins are poorly defined due to the limited spatial resolution (the smallest object recorded in the film ranges from 0-1-0-2 mm) and to penumbral blurring. Secondary x ray scatter, even when largely removed with a Bucky grid, reduces the overall contrast of the shadow image recorded in the film.
Apart 24 However, in these studies JSW measurements were carried out using a simple method such as a ruler. Conversely, the second approach has used an automatic system for increased precision in JSW measurement, employing computerised analysis of digitally stored radiographic images. '8 20 In these investigations there has been no standardisation of the joint position.
In the former, Martel's group at Michigan University, undertook to define the precision of hyaline cartilage thickness measurements.24 They used a small sourced x ray tube (0 3 mm focal spot) to obtain magnification radiographs (X 1 6) to facilitate joint space measurement. Hip and knee joints were studied separately and evaluated with collimated views centred on the joint space. The legs were immobilised using a custom built apparatus to stabilise the joints and standardise position for radiography. The radiographs from the initial position were used to align the patient's joint for the follow up examination. Fluoroscopy was used to facilitate reproducible positioning. 24 The accuracy of their measurement procedure using a ruler was defined together with the anatomical points at which the measurements were taken. 24 The results of their study showed the standard deviation of the mean joint space width measurement in plain film radiographs of the hip and knee gave a variation of +4.6-5% for one degree of standard deviation.24 This approach represents a major advance for it defines the significance level at which changes due to the effect of disease should exceed those due to the combination of errors associated with the accuracy of repositioning the patient and the reproducibility of the measurement. It can be estimated that significant changes (that is, greater than two degrees of standard deviation) in JSW are obtained when the loss in joint space width is equal to or greater than 13% of the JSW. 30 Preliminary reports on the quantitative assessment of radiological changes occurring in patients with osteoarthritis of the knee27 showed that very little change in joint space was detected within an 11 year period. These findings indicate that in spite of the accuracy and reproducibility of the image analysis methods, it is mandatory to control the accuracy and reproducibility of the radiographic procedure and patient position, in order to detect changes in the size of x ray features, such as JSW, within a reasonably short period of time. Otherwise, the statement that standard radiographs are not sensitive to minor changes in OA, and therefore are not precise measures for short-term longitudinal studies,23 may prove to be true.
Microfocal radiography Microfocal x ray units are characterised by an extremely small x ray source (< 15 pm in diameter) which allows radiographs to be taken at high magnification with very fine detail recorded in the film.31-34 These macrographs are obtained by placing the object close to the source (20-30 cm) and the shadow image is projected onto the film placed at some distance away (1 * 5-2 m). The radiographic magnification obtained is the ratio of the source to film over the source to object distances.
Advantages of microfocal radiography are those characteristic of an extremely small x ray source. Large object magnifications are obtained ranging from X 2 to X 20, although, macroradiographs are more usually taken between X4 and X10. High spatial resolution within the film: the size of the smallest object recorded in the film is between 25 (fig 2) . Precise repositioning of the hip and knee on successive x ray visits, plus the control of any rotational displacement in these joints, is achieved by outlining the position of the feet, at first visit, on a large sheet of paper located on the platform of the stereotaxic unit. Macroradiographs from the initial examination are used to assist in positioning the patient for the follow up examinations. The radiographic magnification of the joint recorded in the macroradiograph, required for computing the size of x ray features within the joint, is established by placing either fine wire meshes or small metal spheres on the anterior and posterior surfaces of the joint before radiography.
The anatomical sites within the macroradiograph used in defining the boundaries for the measurement of a feature are described precisely. Steroscopic examination of the macroradiographs identified the following bony margins used for measuring the interbone distance in the standing view of the medial tibio-femoral compartment:
Femur: the distal convex margin of the condyle (fig 2) . (fig 2) . JSW is the space occupied by apposing articular cartilages separated by a thin synovial fluid layer. Joint space narrowing is the reduction in the interbone distance that follows the destructive loss of articular cartilage. Measurements, in fractions of a millimetre, are taken across the narrowest part of the joint, where the space was uneven, and across the joint midline, where it was even.38
An equally careful approach has been adopted for each of the remaining features, of subchondral sclerosis, osteophytes and juxtaarticular radiolucencies.38
A detailed description of the method of measuring radiographic features and the accuracy in recording them is reported elsewhere.35 36 38 39 This showed that the precision repositioning and test-retest reliability for the same observer was found to give coefficients of variation for length measurement of 2-1%.36
This represents a three fold increase in sensitivity for linear measurements compared with standard radiography. 23 Real changes in the dimension of x ray features, representing either disease progression or the response to therapy, are greater than that of the coefficient of variation for errors of measurement. Changes in the dimension of features that are twice the coefficient of variation represent a significant alteration.
Quantitative microfocal radiography Measurement of the radiographic features of OA of the hand and their change over an 18 month study period38"2 determined the distribution, extent and progression of the different x ray features across the hand joints, and that significant changes in the dimension of these features were detected within as short a period as 18 months. The results of this study showed that the radiographic features of OA were found not only at the classic site of hand involvement at the distal and proximal interphalangeal and first carpo-metacarpal joints,' but also at the metacarpo-phalangeal and wrist joints, showing that the disease is far more widespread than is generally accepted.43 44 Preliminary results of similar analyses of knee OA45"7 confirm, that in a larger joint, significant changes in radiographic features were measured within an 18 month period.
Joint space width Joint space narrowing is considered the most important radiological feature of OA but its accuracy in measuring true cartilage loss has been questioned. '6 To overcome this problem we carried out a study in 20 patients with OA of the knee in which measurements of interbone distance, representing radiological JSW, were compared with true cartilage thickness visualised using double contrast arthrography and found there was such a close agreement between the two measures that the observations48 leave few grounds for concern regarding the reliability of this radiographic measurement.
In patients with early, but definite OA of the hand, JSW measurements showed that 56% of the patients had an increase in the interbone distance compared with the reference value obtained from healthy non-arthritic joints.38 The increase in JSW, although not statistically significant within the global assessment of the wrist and hand joints, showed a significant increase at the first carpo-metacarpal joint of the wrist and in the proximal interphalangeal joints of these patients.39 This feature appears to represent an increase in cartilage thickness due to overhydration associated with early disease,49 50 a phenomenon previously reported in animals with experimentally induced OA.5' The joint space narrowing, observed in the remaining 44% of patients, represents either a loss in the substance of the cartilage, or in some, an apparent loss due to the advance of the subchondral mineralised cartilage zone into the cartilage34 (fig 3) .
Relationship between changes in joint space, subchondral sclerosis and osteophytes The results of the studies of OA of the hand38 39 and knee45 46 showed that the extent of subchondral sclerosis and osteophytosis was significantly advanced in these joints in over half of the OA patients, all of whom possessed a joint space width within the range of the nonarthritic healthy reference group. Thus bony changes appear to advance ahead of articular cartilage changes measured as joint space narrowing. This has led to our working hypothesis,38 together with that proposed by Mow et al,5' suggesting that the bony changes occur in association with the earliest changes in articular cartilage which are biochemical,54 5 leading to overhydration49 5 and cartilage softening and that this is followed by the histological appearance of cartilage fibrillation and fissuring.56 Under these conditions of altered mechanical status of the cartilage, bone responds to the increase in applied load.57 Subchondral bone increases in thickness, and osteophytes form as a result of either the changing biochemical and histological conditions of the joint58 or an increase in joint instability.59 The destructive loss of articular cartilage, measured as joint space narrowing, is a late stage phenomenon of osteoarthritis.
In the OA hand, the pattern of increased sclerosis and osteophytosis39 at the joints of the wrist and hand was found to coincide with that attributed to the distribution of mechanical forces in this extremity.6-63 The presence of these bony features appears not to be due to abnormal forces in the joints64 but to existing forces exerting a greater stress on the subjacent bone due to the altered properties of the cartilage. 39 42 This further confirms that subchondral cortical sclerosis and osteophyte formation are part of the bone's response to increased mechanical load59 65 66 associated with cartilage degeneration.
Evaluation of the pattern of joint space narrowing in the OA hand patients, during the study, showed no association between this feature and the pattern of normal force distribution in the hand, described in previous reports.6>63 Narrowing of the joint space was generalised, involving the joints of both the wrist and hand.39 Measurements showed that there was symmetrical narrowing of joint space in both the right and left extremities and that there was sequential narrowing ofJSW starting at the distal interphalangeal and extending proximally through the proximal interphalangeal, to the metacarpo-phalangeal and wrist joints.39 These findings support the hypothesis that changes in the articular cartilage of patients with OA of the hand are determined by genetic or other constitutional43 67 68 rather than mechanical factors. Observations which, together with those described above for OA of the hand and knee, support the suggestion that cartilage is the primary site of the disease.
The results of these investigations show that by using accurate and precise radiographic procedures and methods of measurement, it is possible to detect early OA and to evaluate its severity and progression quantitatively. This has provided a better understanding of the natural history of OA of the hand and the correlation between its progression and the radiographic findings. It is anticipated that comparable results will be obtained with the completion of similar studies in OA of the knee and hip.
The greater sensitivity of this technique, compared with standard radiography, has improved the chances of measuring the effect of a 'disease modifying' agent, particularly in patients with radiologically mild OA, since this group is the more suitable for investigation,16 rather than those with more severe changes. Preliminary results of a study of 33 patients with early knee OA in a randomised, double blind, placebo-controlled trial of 100 mg diclofenac daily, lasting 18 months showed that quantitative microfocal radiography could detect statistically significant differences in the extent of joint space narrowing between the active and placebo treated groups over the study period.47 Evaluation of this data (in preparation), has led to a number of observations: such studies should include the radiographic assessment of both knees and not just the signal or most painful knee, but also the contra-lateral since nearly all of these joints were found to Equipment: Accurate measurement within the plain film radiograph is dependent on good spatial resolution. This is determined by the smallness of the x ray source, the use of fine grain film or a high resolution film/screen combination, precise radiographic exposures, since the accuracy of measurement can suffer from any loss or change in the appearance of boundaries due to under or over exposure, and the alignment of the centre of the joint with the central ray of the x ray beam.
Patients: Standardisation of the radioanatomical position of the joint is necessary so that the appearance of the joint is the same both within and between patients on successive x ray visits. This is helped by using a stereotaxic or custom built apparatus for stabilising the joint and image intensifier screening has been recommended for larger joints.21 69The degree of radiographic magnification, resulting from the object being placed at a distance from the film, must be determined to correct the dimensions of features measured from the radiograph.
Measurement: The boundaries or limits of the radiographic feature to be measured must be defined precisely. Computerised measurement systems which reduce inter-observer variation either through increased accuracy of measurement3O 34 or semi-automated procedures'7 24 70 should be considered. These systems are linked to microcomputers for ease of handling and storing numerical data. They permit statistical analysis and overall reduce the time taken for the mensural procedures. 
